Yeast Cohesin complex requires

a conserved protein, Ecolp(Ctt7),
to establish cohesion between sister
chromatids during DNA replication
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Sister chromatid cohesion is crucial for chromosome segregation during mitosis. Loss of cohesion very
possibly triggers sister separation at the metaphase — anaphase transition. This process depends on the
destruction of anaphase inhibitory proteins like Pds1p (Cut2p), which is thought to liberate a sister-separating
protein Esplp (Cutlp). By looking for mutants that separate sister centromeres in the presence of Pdslp, this
and a previous study have identified six proteins essential for establishing or maintaining sister chromatid
cohesion. Four of these proteins, Scclp, Sce3p, Smelp, and Sme3p, are subunits of a ‘Cohesin’ complex that
binds chromosomes from late G, until the onset of anaphase. The fifth protein, Scc2p, is not a stoichiometric
Cohesin subunit but it is required for Cohesin’s association with chromosomes. The sixth protein,
Ecolp(Ctf7p), is not a Cohesin subunit. It is necessary for the establishment of cohesion during DNA
replication but not for its maintenance during G, and M phases.
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Sister chromatids move away from each other at the
metaphase — anaphase transition because their kineto-
chores attach to microtubules emanating from opposite
spindle poles (Rieder and Salmon 1998). Chromosomes
are not mere passengers during this process. During the
early stages of mitosis, the tendency of microtubules to
pull sister chromatids apart is counteracted by cohesion
that holds them together. Therefore, cohesion between
sisters generates the tension by which cells align sister
chromatids on the metaphase plate (Nicklas 1988). Co-
hesion between sisters appears to exist along their entire
length during metaphase; that is, it is not confined to
centromeres (Selig et al. 1992; Guacci et al. 1994). Sister
chromatid cohesion is an essential aspect of mitosis.
Were sisters to separate before spindle formation, it is
difficult to imagine how cells could distinguish sisters
from chromatids that were merely homologous. Cohe-
sion also prevents chromosomes from falling apart as a
result of double strand breaks and it presumably facili-
tates their recombination-mediated repair. A sudden loss
of cohesion, rather than an increase in the traction ex-
erted by microtubules attached to kinetochores, is
thought to trigger sister separation during anaphase (Mi-
yazaki and Orr-Weaver 1994).

Until recently, little was known about the nature of
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sister chromatid cohesion or about the mechanism by
which it is destroyed. Recent work has shown that sister
separation depends on the destruction, by ubiquitin-me-
diated proteolysis, of anaphase inhibitors like budding
yeast Pdslp and fission yeast Cut2p (Securins), which
bind to and inhibit the Espl/Cutl class of sister separat-
ing proteins (Separins) (Funabiki et al. 1996; Ciosk et al.
1998). The ubiquitin protein ligase that mediates Securin
proteolysis is a large multisubunit complex called ana-
phase promoting complex (APC) (Irniger et al. 1995; Co-
hen-Fix et al. 1996; Funabiki et al. 1996; Zachariae et al.
1998). In Saccharomyces cerevisiae, Esplp is necessary
for the disappearance from chromosomes of Scclp, a pro-
tein that is required for sister chromatid cohesion (Mi-
chaelis et al. 1997; Ciosk et al. 1998). It has therefore
been suggested that Esplp’s role is to destroy the bridges,
or links, that hold sister chromatids together.

Scclp (also known as Mcdlp) is one of four proteins
currently known to be required for sister chromatid co-
hesion in mitotic cells (Guacci et al. 1997; Michaelis et
al. 1997). The others are Scc2p and two members of the
Smc family, Smclp and Smc3p (Michaelis et al. 1997).
Proteins belonging to the Smc family also exist in bac-
teria, which suggests that Smc proteins are modulators
of chromosome structure that must have existed in the
common ancestor of all living organisms. Members of
the Smc protein family have been implicated in chromo-
some condensation, dosage compensation, and in DNA
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repair (Jessberger et al. 1998). Two pieces of evidence
suggest that Scclp binds to chromosomes as part of a
Cohesin complex with Smclp and Smc3p. First, Scclp’s
association with chromosomes depends on Smclp (Mi-
chaelis et al. 1997). Second, the Xenopus homolog of
Scclp is found in a soluble multisubunit complex that
contains Smeclp, Sme3p, and two other proteins (Losada
et al. 1998). It is not yet known whether Cohesin par-
ticipates in the links that actually hold sister chromatids
together. It is known, however, that establishment of
cohesion depends on the presence of Scclp during DNA
replication, which suggests that links might be produced
only when sister chromatids are in close proximity im-
mediately after passage of replication forks (Uhlmann
and Nasmyth 1998). Mis4p (Scc2p’s homolog in Schizo-
saccharomyces pombe) must also be active during S
phase (Furuya et al. 1998).

Because our previous search for mutants defective in
sister chromatid cohesion unearthed only four different
genes (Michaelis et al. 1997), we have improved and re-
peated our screen and isolated 29 new mutants that sepa-
rate sister chromatids without first having destroyed the
anaphase inhibitor Pdslp. By this means we have iden-
tified two new genes required for sister chromatid cohe-
sion, which we call SCC3 (sister chromatid Cohesion)
and ECO1 (Establishment of Cohesion|. We also isolated
many new alleles of scc1, scc2, and smc3. We show here
that Scclp, Scedp, Smcelp, and Smc3p are subunits of a
Cohesin complex that binds chromosomes from late G,
until the metaphase - anaphase transition. We also
show that Scc2p, although not a stoichiometric Cohesin
subunit, is nevertheless required for the association of
Cohesin with chromosomes. Finally, we show that
Ecolp is neither a Cohesin subunit nor required for Co-
hesin’s association with chromosomes. It is required for
the establishment of cohesion during DNA replication
but not for maintaining cohesion during G, and M
phases. We suggest that Ecolp might catalyze the forma-
tion of links between sisters as they emerge from repli-
cation forks. Homologs of all six cohesion proteins exist
in most, if not all eukaryotes, suggesting that the mecha-
nisms by which sister cohesion is established in yeast
will prove to be conserved in humans.

Results

SCC3 and ECOL1: two new genes required for sister
chromatid cohesion

To isolate new mutants defective in sister chromatid
cohesion, we used a modified version of the screen de-
scribed by Michaelis et al. (1997). Because sister chroma-
tid cohesion is required for faithful segregation of sister
chromatids, partial defects in cohesion should cause
cells to lose chromosomes at a high frequency, whereas
a complete defect should be lethal and cause sister sepa-
ration even in the presence of Pdslp. Therefore, we
screened for temperature-sensitive mutants that lose a
supernumerary chromosome with high frequency at
25°C, cannot proliferate at 37°C, and separate sister
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chromatids even when Pdslp proteolysis is blocked by a
mutation in an APC subunit. The parental strain con-
tained the ochre-suppressible ade2-1 mutation, which
causes cells to accumulate a red pigment, and a super-
numerary marker chromosome carrying SUP11, which
suppresses ade2-1 (Spencer et al. 1990). The parental
strain, therefore, forms white colonies, whereas mutants
with high rates of chromosome loss form red-white-sec-
tored colonies. To inactivate the APC conditionally in
this strain, we deleted CDC26 (which encodes an APC
subunit that is only essential at 37°C) and integrated a
functional copy along with CANT at the Iys2 locus. The
integration created direct repeats of LYS2 DNA-flanking
CANI1 and CDC26 genes, which enabled us to loop out
the CDC26 gene from the genome upon selection against
the CAN1 gene and thereby create strains with a ther-
molabile APC. Sister chromatid separation was followed
by visualizing tetracycline repressor-GFP (green fluores-
cent protein) fusion proteins bound to tandem repeats of
tet operators integrated close to the centromere of chro-
mosome V (Michaelis et al. 1997). Fewer than 5% of
Acdc26 cells separate sisters upon shift to 37°C but
known cohesion mutations, such as sccI-73, increase
this to 65%.

Of 1675 ‘sectoring’ mutants generated by EMS muta-
genesis, 360 were temperature sensitive for growth, and
of these 96 separated sisters in =25% of the cells at 37°C
upon deletion of CDC26. Tetrad analyses of progeny
from crosses between mutant and parental strains
showed that chromosome loss at 25°C, lethality at 37°C,
and sister chromatid cohesion defects in the absence of
CDC26 at 37°C were tightly linked in 29 mutant strains.
Complementation analysis showed that the 29 muta-
tions were all recessive and were located in six different
genes. Most of the mutations were in genes previously
known to be involved in sister chromatid cohesion. Six
mutants failed to complement scc1-73, 12 failed to
complement scc2-4, 3 failed to complement smc3-42,
and 3 failed to complement a pdsi deletion strain. The
remaining two genes were cloned by rescuing the tem-
perature-sensitive lethality of mutants with plasmids
containing a library of yeast genomic DNA fragments. In
both cases, the mutants were rescued by a single ORF,
which was shown subsequently to be tightly linked to
the mutations causing temperature sensitive lethality.
Four mutations were located in a gene called IRRI,
which was known to have an essential but not under-
stood function (Kurlandzka et al. 1995). Because of its
role in sister chromatid cohesion, we renamed this gene
SCC3. It encodes a protein with a predicted molecular
mass of 133 kD. S. pombe contains at least two genes
that encode homologous proteins: a closely related pro-
tein whose function is unknown and a less related pro-
tein called Recllp, which is required for recombination
during meiosis (DeVeaux and Smith 1994). The amino-
terminal half of Sce3p is 18%-25% identical to members
of the SA (stromal antigen) protein family (Carramolino
et al. 1997) from Caenorhabditis elegans, Drosophila
melanogaster, and from mammals (Fig. 1A,B).

The second gene was a hypothetical ORF located on
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Figure 1.

Scedp and Ecolp are conserved among eukaryotes. (A) Sequence alignment of the amino-terminal half of S. cerevisiae (Sc)

Sce3p and its homologs from mouse (Mm SA-1, Mm SA-2, Mm SA-3), D. melanogaster (Dm SA), C. elegans (Ce F18€2.3), and S. pombe
(Sp C17H9.2, Sp Recl1). Identical residues in proteins are shown on a black background. Conservative amino acid substitutions are
shown on a gray background. Because the human SA1 and SA2 are almost identical to the corresponding mouse proteins, we did not
include the human proteins in this alignment. (B) Phylogenetic tree of the Scc3p homologs based on the above aligned sequences. (C)
Sequence alignment of S. cerevisiae Ecolp (Sc) and its homologs from A. thaliana (At F8F16.220), mouse (Mm ESTcons.), fission yeast

(Sp SPBC16A3.11).

chromosome VI. Because of its role in establishing cohe-
sion between sister chromatids (see below), we called
this gene ECO1. The predicted Ecol protein sequence
shares homology over its entire length with putative pro-
teins from S. pombe, Arabidopsis thaliana, Mus muscu-
Ius, and humans (Fig.1C). Ecolp’s amino-terminal half
contains a conserved Kruppel-like C2H2 zinc finger do-
main. The S. pombe homolog of Ecolp is (650 amino
acids longer than the S. cerevisiae protein. Although the
amino-terminal 600 amino acid of the fission yeast gene
is not homologous to ECO1, it is strongly related to the
RAD30 gene in S. cerevisiae. RAD30 functions in a
postreplication repair mechanism and it is related to the
Escherichia coli, dinB and umuC DNA repair genes (Mc-
Donald et al. 1997). We isolated only a single mutant
allele of ECO1, in which a conserved glycine at position
211 is replaced by aspartic acid. Tetrad analysis of prog-
eny from a diploid strain heterozygous for an ECO1 de-
letion showed it to be essential for growth at all tem-
peratures.
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Scc3p and Ecolp are required to prevent premature
sister chromatid separation

We identified the SCC3 and ECO1 genes because muta-
tions in them affect sister chromatid cohesion during the
metaphase arrest attributable to deletion of CDC26. To
address whether these genes are required to prevent pre-
mature sister separation during normal cell cycles, we
followed the separation of GFP-marked chromosome V
centromeres (CenV-GFP) in synchronized cultures of
ecol-1, scc3-1, and wild-type strains. Small G, cells ob-
tained by centrifugal elutriation were incubated at 37°C
in the presence or absence of nocodazole. Samples were
collected every 15 min and were analyzed for DNA con-
tent, budding, separation of sister CenV sequences, and
the presence of Pdslp (Fig. 2A). The timing of sister sepa-
ration in wild-type and mutant cells was compared as
described by Michaelis et al. (1997). Whereas wild-type
cells separate CenV sequences 45 min after budding and
replication, ecol-1 and scc3-1 mutants do so after 30 min
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Small budded wild-type cells never separate sister chro-
matids but ecol-1 and scc3-1 mutant cells frequently do
so (Fig. 2B). In wild-type, sister CenV sequences never
separate before the disappearance of Pdslp from nuclei.
Both degradation of Pds1p and cytokinesis are delayed in
ecol and scc3 mutants and sister separation largely oc-
curs in the presence of Pdslp (Fig. 2). The delayed Pdslp
destruction might be attributable to surveillance mecha-
nisms that monitor either integrity of the genome or the
mitotic spindle (Hoyt et al. 1991; Li and Murray 1991).

Separated CenV sequences are rarely seen in the same
half of budded wild-type cells because sister chromatids
move rapidly to opposite poles once cohesion between
sisters has been destroyed. In contrast, sister centro-
meres were frequently found separated but close to each
other in the same half of ecol-1 and scc3-1 mutant cells
at a time when they should have segregated to opposite
poles. Furthermore, when mutant cells eventually un-
dergo cytokinesis at 37°C 20%-30% of unbudded prog-
eny contained either two or no CenV-GFP dots. In con-
clusion, ecol and scc3 mutants not only separate sister
CenV sequences prematurely but also mis-segregate

them with a very high frequency, which would explain
their lethality at 37°C.

Sister chromatid separation, cytokinesis, and DNA re-
replication were all blocked by nocodazole in wild-type.
Nocodazole also blocked cytokinesis and rereplication in
ecol and scc3 mutant cells, but despite this, sister cen-
tromeres separated in 50%-60% of the cells within 60
min of their having budded at 37°C (data not shown).

Premature sister separation in ecol and scc3 mutants
is independent of Esplp

Sister separation in the presence of Pdslp in scc3-1 and
ecol-1 mutant cells could be attributable either to resis-
tance of Esplp to Pdsl inhibition in the mutants or to
separation in the absence of Esp1 activity. To distinguish
between these two possibilities, we compared the kinet-
ics of sister separation in esp1-1 single mutants with that
in scc3-1 espl-1 and ecol-1 espl-1 double mutants at
37°C (Fig. 3). Whereas esp1-1 cells separate sisters very
inefficiently (Ciosk et al. 1998), both double mutants
separated sisters with similar kinetics to ecol and scc3
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single mutants. Thus, premature sister separation in
ecol and scc3 mutants is independent of Espl function.
This suggests that Sce3dp and Ecolp, unlike Pdslp, are
not regulators of Esplp. They are likely to be directly
involved in sister chromatid cohesion.

Scc3p and Ecolp are nuclear proteins
that associate with chromatin

To detect Sce3dp and Ecolp, we tagged the endogenous
genes either with 18 Myc epitopes or with 3 HA epitopes
at their carboxyl termini. Using Western blotting, we
measured the level of Ecol-mycl8p as unbudded G,
cells isolated by elutriation progressed through the cell
cycle. Its abundance fluctuated only modestly, accumu-
lating to maximal levels during S phase (data not shown).
In situ immunofluorescence showed that Ecol-mycl18p
accumulated in the nuclei and chromosome spreads
showed that Ecol-mycl8p associated with chromatin
(data not shown). We also measured the chromosome
binding of Ecolp using cell fractionation (Liang and Still-
man 1997). After lysis of spheroplasts with Triton X-100,
cell lysates were fractionated by centrifugation into a
‘chromatin’ pellet containing most if not all of the DNA
and a supernatant containing =95% of cellular protein.
Proteins from both fractions were separated on SDS-
PAGE. Western blot analyses showed that most of the
Ecol-HA3p was tightly associated with chromatin in cy-
cling cells (Fig. 4A).
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Figure 3. Scc3p and Ecolp are required to prevent sister chro-
matid separation in espl-1 mutants. Small unbudded cells of
scc3-1 espl-1 (K7546) and of ecol-1 espl-1 (K7544) strains con-
taining cenV-GFP were inoculated into YEPD medium at 37°C.
Samples were taken every 15 min and the fraction of cells with
buds (M) and cells with separated sister chromatids (O) were
determined. The control experiment had been published by Ci-
osk et al. (1998).
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Cell fractionation suggested that the bulk of Scc3-
HA3p is associated with chromatin in cycling cultures
(Fig. 4A). We used chromosome spreading to analyze the
association of Scc3-HA3p with chromatin as unbudded
G, cells isolated by elutriation progressed through the
cell cycle (Fig. 4B). Indirect immunofluorescence showed
that Scc3-HA3p was located within the nuclei through-
out the cell cycle (data not shown). Although the abun-
dance of Scc3-HA3p remained roughly constant (Fig.
4C), the amount associated with chromatin varied
greatly at different cell cycle stages. Sce3p was largely
absent from chromosomes during early G;, but was
tightly associated with them from late G, until meta-
phase (Fig. 4D). The amount of Sce3p associated with
chromosomes dropped dramatically as soon as sister cen-
tromeres separated. Thus, there was little or no Scc3p
associated with chromosomes in early anaphase cells
containing two CenV-GFP dots (Fig. 4D). This pattern of
chromatin association resembles that of the cohesin
Scclp.

Scclp and Scc3p form a stable ‘Cohesin’ complex
with Smclp and Smc3p

The similarities between Scclp’s and Sce3p’s cell cycle
dependent association with chromatin and the depen-
dence of the former on Smclp (Michaelis et al. 1997)
suggests that these proteins might form a complex to-
gether. To investigate this, we constructed haploid
strains expressing Myc epitope-tagged versions of either
Scclp or Sce3p in combination with HA epitope-tagged
versions of Scclp, Sce2p, Scedp, Smelp, Sme2p, Sme3dp,
and Ecolp. The Myc-tagged proteins were immunopre-
cipitated from whole cell extracts, the precipitated pro-
teins were separated by SDS-PAGE, and then detected by
silver staining. Sccl-mycl8p immunoprecipitates con-
tained at least three additional high molecular weight
proteins, which were identified as Smclp, Smec3p, and
Scc3p attributable to changes in their mobility when HA
tagged (Fig. 5A, lanes 3-6). Likewise, we detected Smclp
and Smec3p in Scc3-mycl8p immunoprecipitates. We
could not, however, detect Scclp, presumably because it
is not very agrophilic (Fig. 5A, lanes 7-10). Precipitation
of Scclp, Scedp, and their associated proteins was myc
tag dependent (Fig. 5A, lane 1). Furthermore, none of
these proteins were present in Cdc23-myc9p immuno-
pecipitates (Fig. 5A, lane 2). Western blotting of Scc3-
mycl8p immunoprecipitates confirmed that Smcl-
HAG6p, Smc3-HAG6p, and Sccl-HAG6p coprecipitate with
Scc3-mycl8p (Fig. 5B). A similar analysis showed that
Sccl-mycl8p associates with Scc3-HA3p, Smcl-HAG6p,
and Smc3-HAG6p (data not shown).

We then investigated the association of Scc3-mycl8p
or Sccl-myc18p with Scc2-HA6p, Ecol-HA3p, and with
Smc2-HA6p (Smc2p is implicated in chromosome con-
densation but not thus far in cohesion). Scc2-HA6p co-
precipitated with both Scc3-mycl8p (Fig. 5C) and Sccl-
mycl8p (data not shown), but the stoichiometry of this
association was low compared to Smc3-HA6p. No
Smc2-HA6p was found in Scc3-mycl8p (Fig. 5C) or
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Figure 4. Scc3p and Ecolp are associated with chromatin. (A)
Triton X-100 insoluble chromatin pellet was obtained from cy-
cling cultures of ECOI-HA3 and SCC3-HAS3 strains as de-
scribed (Liang and Stillman 1997). Ecol-HA3p and Scc3-HA3p
were detected with anti-HA antibody (16B12). (WE) whole cell
extract; (SU) Triton X-100 soluble supernatant; (CP) Triton
X-100 insoluble chromatin pellet. (B) Small G, cells expressing
Sce3-HA3p (K7461) containing cenV-GFP were incubated at
25°C. DNA content of cells, percentage of budded cells (B), cells
with separated sister chromatids (O), and the percentage of cells
with Scedp associated to chromosomes (A) were determined. (C)
Scc3-HA3p, Clb2p, and Swi6p levels were determined by West-
ern blot analysis of protein extracts. (D) Chromosome spreads
from 120- and 135-min time points. DNA was stained by DAPI.
Sce3-HA3p was detected by antibody to HA epitopes. CenV was
visualized by GFP. Scc3p colocalizes with chromatin until the
onset of anaphase (top panel). Scc3p association is largely re-
duced in cells that separated sister chromatids (bottom panel,
top left corner). Bar, 4 pm.

Sccl-mycl8p (data not shown) immunoprecipitates. Fi-
nally, Ecol-HA3p was not coprecipitated with either
Sce3-mycel8p or Scel-mycl8p (data not shown).

These data suggest that Scclp, Sccdp, Smclp, and
Smec3p form a soluble ‘Cohesin’ complex in extracts
from yeast. Scc2p also associates with this complex, but
it is not a stoichiometric component. A recent study has
described a similar Cohesin complex from Xenopus,
which contains homologs of Smclp, Smc3p, and Scclp
along with two other proteins (Losada et al. 1998). Our
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data suggest that at least one of these uncharacterized
proteins is likely to be the Xenopus homolog of Scc3p.
Our finding that Smc2p is not a subunit of the yeast
Cohesin complex is consistent with the finding in Xeno-
pus and in fission yeast that Smc2p/Cutl4 and Smcdp/
Cut3 are subunits of a different complex called Conden-
sin, which is required for chromosome condensation
(Saka et al. 1994; Hirano et al. 1997).

Colocalization and interdependent chromatin
association of Cohesin subunits

To analyze whether the binding to chromatin of indi-
vidual Cohesin subunits depends on other members of
the complex and on other proteins needed for sister chro-
matid cohesion, we constructed scc1-73, scc2-4, scc3-1,
smc1-259, smc3-42, ecol-1, and wild-type strains ex-
pressing HA-tagged versions of either Scclp or Scedp.
Cells presynchronized in G, by a-factor treatment were
released into nocodazole-containing medium at the re-
strictive temperature (in this case 35.5°C) and associa-
tion of Scc1-HA6p or Scc3-HA3p with chromatin was
analyzed using two techniques: chromosome spreading
and cell fractionation (Fig. 6A,B). A large fraction of
Scclp and Sce3p is found in the chromatin pellet in wild-
type cells arrested in nocodazole and both proteins colo-
calize with DNA in chromosome spreads (Fig. 6C,D).
The abundance of Scc3p in chromatin pellets, but not in
supernatants, was reduced drastically in scc1-73, scc2-4,
smc1-259, and smc3-42 mutant strains. As a conse-
quence, most Sce3dp is found in the supernatant in these
mutants. In contrast, distribution of Sccp3p was barely,
if at all, affected by ecol-1. The amounts of Scc3p asso-
ciated with chromosomes in spreads was also greatly re-
duced in scc1-73 (Fig. 6D), scc2-4, smc1-259, and smc3-
42 mutants (data not shown).

Scclp’s abundance in both supernatants and chroma-
tin pellets was greatly reduced in both smc1-259 and
smc3-42 mutants, whereas its abundance in chromatin
pellets decreased while its abundance in supernatants
modestly increased in scc3-1 and scc2-4 mutants. We
also noticed that Scc1-HA6p migrated more slowly dur-
ing SDS-PAGE in scc3-1 mutant cells than in wild type.
The ecol-1 mutation had only modest effects on Scclp’s
distribution (Fig. 6B). The amount of Scc1-HA6p bound
to chromosomes in spreads was also strongly reduced in
sce3-1 (Fig. 6C), scc2-1, smc1-259, and smc3-42 mutant
strains (data not shown). The reduced abundance of
Scclp in smcl and smc3 mutants might be attributable
to a reduction of its stability when not bound to these
Smc proteins. The continued association of Scclp and
Scedp with chromosomes in ecol-1 mutants was not at-
tributable to this mutation having only a modest effect
on sister chromatid cohesion, because 50% or more of
metaphase (nocodazole) spreads had two separate CenV-
GFP dots despite the presence of both Scclp and Sce3p
on chromosomes (data not shown). We conclude that the
association of Scclp and Scc3p with chromosomes re-
quires Scclp, Sce2p, Scedp, Smclp, and Sme3p, but not
Ecolp.

GENES & DEVELOPMENT 325



Toth et al.

anti-Myc [Ps
A Lane:1 2 3 4 5 6 7 8 9 10
- % - - - = - - - - CDC23-myc9
- - + + + + - - - - SCCt-myc18
- = = = = = 4+ 4+ 4+ <+ SCC3myc18
. - - = = = - - - 4 S5CCI-HAS
- - - 4 = = = 4 = = SMC1-HAE
- - - = 4 - - - 4+ - SMC3HAS
kD - - - - <« 4 - - - - SCC3HA3
200 — i
| ""‘4-_ ! Scc3-myc18p
—::é—_:—l- |
19— | = ‘<—Soc1-n|yc18p
Extracts anti-Myc IPs
B = s s s+ + - - - -+ + + SCC3-myct8
-+ - -+ - - -4 - - + - - SCCI-HAS
= -+ - - % - - - 4+ - - + - SMCI-HAS
- -+ - -+ - - -+ - - + SMC3-HA6
anti-myc — — .!.
-as -
anti-HA py - -
— - *

alized by staining with silver. Only those proteins that spec

C Extracts anti-Myc IPs
= - - - -+ 4+ ++ - - - - - 4+ + + + SCCImycl8
- - 4 - - - 4 - - - 4 4 - - - 4 - - SMC2-HAB
- = = 4+ = = - 4+ = - - - 4 = = - 4+ - SCC2-HA6
- - - .7+ L T S - - + SMC3-HA6
artimye | ——— —mmw
e v
an'ti-HAl _.. -.. T

Figure 5. Physical associations between proteins involved in sister
chromatid cohesion. Protein extracts were prepared from cells of the
indicated genotypes. (+) An epitope-tagged gene; (-) a wild-type allele.
Myc-tagged proteins were immunoprecipitated with anti-myc mouse
mAD 9E10. Myc-tagged and HA-tagged proteins were detected by im-
munoblotting, using anti-Myc 9E10 or anti-HA mouse mAb 12CA5,
respectively. Protein extracts or immunoprecipitates were separated
on 7.5% SDS-polyacrylamide gels and either stained with silver (A) or
immunobloted with antibodies (B,C). (A) Sccl/3 and Smcl/3 proteins
form a soluble complex. Protein extracts of control cells (no tag, lane
1), cells expressing a myc9-tagged version of Cdc23p (lane 2), and cells
expressing mycl8-tagged versions of either Scclp or Scedp (lanes
3-10), were immunoprecipitated with an antibody specific for the Myc
epitope. Proteins that were present in immunoprecipitates were visu
ifically associated with Sccl-mycl8p and Scc3-mycl8p are shown.

Proteins that were specifically present in Sccl-mycl8p (lanes 3-6) and Scc3—-mycl8p precipitates (lanes 7-10) were identified by
reducing electrophoretic mobility of candidate proteins by their HA tagging. Sccl-myc18p and Scc3-mycl8p are indicated with
arrows. Scclp with no tag is not detectable with silver under these conditions. (B) Scc3-myc18p precipitates Scc1-HA6p, Smcl-HAG6p,

and Smc3-HAG6p. (*) A degradation product of Sccl-HA6p. (C
Scc3-mycl8p precipitate.

To investigate whether Cohesin’s subunits might also
bind to chromatin as a complex, we compared in chro-
mosome spreads the localization of Sccl-mycl8p with
Sce3-HA3p, Sme3-HA6p, Sce2-HAG6p, and Smc2-HAGp.
Sccl-mycl8p frequently colocalized with Scc3-HA3p
(Fig. 6E) and with Smc3-HAGp (data not shown), but it
did not, in most cases, colocalize with Scc2-HA6p or
with Smc2-HAG6p (Fig. 6E).

The colocalization of Scclp, Scedp, and Smce3p in chro-
mosome spreads and the interdependence of their asso-
ciation with chromosomes suggests that these cohesin
subunits bind chromatin in the form of a complex that
resembles that found in soluble extracts. Scc2p neither
colocalizes with Cohesin subunits in spreads nor does it
appear to be a stoichiometric component of the soluble
Cohesin complex. Nevertheless, Scc2p is essential for
the efficient association of Cohesin with chromatin,
which might be the reason for defective cohesion in scc2
mutants.

Ecolp is not required for Cohesin’s association
with and dissociation from chromosomes

Despite being essential for sister chromatid cohesion,
Ecolp is neither a Cohesin subunit nor apparently is it
even required for Cohesin to bind chromosomes, at least
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) A small fraction of Scc2-HAG6p, but not Smc2-HAGp, is present in

when the cell cycle is arrested with nocodazole. To in-
vestigate Ecolp’s role in cells not treated with noco-
dazole, we measured the chromosomal association of
Sccl-HAG6p and Scc3-HA3p when unbudded G, ecol-1
mutant cells isolated by elutriation proceeded through
the cell cycle at 37°C (Fig. 7A). As in wild-type cells,
Scclp and Sce3p associated with chromosomes just be-
fore S phase and remained associated with them until
Pds1p degradation, whereupon both proteins largely dis-
appeared from chromosomes. The disappearance of both
proteins from chromatin is delayed relative to wild-type
but this is most probably attributable to the delay in
Pdslp destruction, which presumably retards Esplp’s ac-
tivation. Thus, regulation of Cohesin’s association with
and dissociation from chromosomes is unaffected by the
ecol-1 mutation. Nevertheless, sister CenV sequences
separated prematurely. Thus, 60 min after budding a
large fraction of chromosome spreads contained two
separate CenV-GFP dots despite being strongly stained
for Scclp and Scedp (Fig. 7A,B). ecol mutants are there-
fore unique in being defective in sister cohesion despite
the presence of Cohesin on chromosomes.

Ecolp is only required during S phase

Although Cohesin is able to bind chromosomes from
late G, until M phase, it can only establish cohesion
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during S phase (Uhlmann and Nasmyth 1998). This sug-
gests that links between sisters might be established
only when they are in close proximity during replication.
This raises the possibility that there might exist special-
ized proteins whose role is to establish sister-sister links
at the replication fork. Our observation that Ecolp is
essential for establishing sister cohesion, but not for Co-
hesin’s association with chromosomes, is consistent
with Ecolp having such a role. If so, Ecolp, like Cohesin,
should be required during S phase to establish cohesion,
but, unlike Cohesin, it should no longer be required to
maintain cohesion during G,. To investigate this, we
isolated unbudded G, ecol-1 and scc1-73 mutant cells by
elutriation and split these synchronous cultures into
three aliquots. One was incubated at 25°C, another at
37°C, and a third shifted from 25°C to 37°C after most
cells had just completed DNA replication (120 min for
scc1-73 and 140 min for ecol-1). In each culture, we fol-
lowed cell viability (by plating cells at 23°C), cellular
DNA content, and the fraction of cells whose nuclei con-

Figure 6. Colocalization of Cohesin subunits
and their interdependent chromatin association.
Wild-type (K7570), scci1-73 (K7734), scc2-4
(K7689, K7586), scc3-1 (K7548), smcl1-259
(K7686, K7589), smc3-42 (K7687, K7583), and
ecol-1 (K7586, K7669) strains containing the
SCC1 or SCC3 gene tagged with HA epitopes
were released from a-factor into nocodazole at
35.5°C. After 2.5 hr, >90% of cells had arrested
with large buds and a 2C DNA content. (4,B) The
amount of Sccl-HA6p and Scc3-HA3p was de-
tected by Western blot analysis of Triton X-100
insoluble (chromatin pellet, CP) and soluble (su-
pernatant, SU) fractions (Liang et al. 1997). (C)
Sccl-HAG6p detected in chromosome spreads in
wild-type and scc3-1 mutant cells. (D) Scc3-
HA3p detected in chromosome spreads in wild-
type and sccl-73 mutant cells. Bar, 4 pm. (E)
Chromosome spreads were prepared from strains
expressing Sccl-myc18p in combination with ei-
ther Scc2-HAG6p, Scc3-HA3p, or Smc2-HAGp.
DNA was stained by DAPIL. Myc epitopes were
detected with anti-myc mouse mAb 9E10 and
anti-mouse cy3-conjugated goat antibody (Amer-
sham); HA-tagged proteins were visualized with
anti-HA rat mAb 3F10 and anti-rat cy2-conju-
gated goat antibody (Amersham).

tained high levels of Pdslp (Fig. 8A,B). In cultures grown
at 37°C, cell viability dropped with kinetics that were
similar if not identical to that with which cells com-
pleted DNA replication. Thus, restoration of Sccl activ-
ity during G, cannot compensate for its lack of activity
during S phase, as has been found using a SCCI gene
expressed by a galactose-inducible promoter. The same
is true for ecol-1. Thus, cell viability depends on activity
of both Scclp and Ecolp during S phase.

At 25°C, 85% of the scc1-73 cells had completed S
phase by 120 min, but only a few had formed bipolar
mitotic spindles and almost none had commenced de-
grading Pds1p. Upon shift to 37°C, 65% of the cells rap-
idly lost viability (Fig. 8A). This implies that Scclp is
required both during S phase and during G,/M. In the
ecol-1 culture (25°C) at 140 min, most but not all cells
had completed S phase and few if any had commenced
with Pdslp degradation. In contrast, there was only a
small drop in viability soon after the culture was shifted
to 37°C, which correlated with the small number of G,
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Figure 7. Regulation of Scclp and Sce3p association with the chromatin is normal in ecol-1 mutant cells. Small unbudded G, eco1-1
mutant cells expressing Pdsl-myc18p and either Scc1-HAG6p (K7752) or Scc3-HA3p (K7669) were incubated at 37°C. Samples were
taken every 15 min. (A) DNA content of cells and the percentage of budded cells (M), cells with separated sister chromatids (O), cells
with Pdslp in their nucleus (A}, and chromosome spreads associated with high amounts of Sccl1-HA6p or Scc3-HA3p (¢ ). (B)
Chromosome spreads of cells taken at 135 min (ecol-1 SCC3-HAS3) or at 165 min (ecol-1 SCC1-HAG6). DNA was stained by DAPI.
CenV was visualized by GFP. Chromatin-associated Scc1-HAG6p and Scc3-HA3p were detected by indirect immunofluorescence. Bar,

4 pm.

cells that underwent replication after the temperature
shift to 37°C. This suggests that ecol-1 cells acquire the
ability to execute mitosis at 37°C soon after cells com-
plete DNA replication (Fig. 8B). Unlike Scclp, which is
required during both S and G, phases, Ecolp might be
required only during S phase.

To address whether Ecolp and Scclp are required to
maintain sister chromatid cohesion once cells have com-
pleted S phase, we released wild-type, ecol-1 and scc1-73
mutant cells from an a-factor-induced G, arrest into no-
codazole at 22.5°C. All three cultures were shifted to
37°C 110 min after release from pheromone, when >85%
of the cells had completed replication. Sister chromatid
cohesion was monitored subsequently by counting the
fraction of cells with one and two CenV-GFP dots (Fig.
8C). At the time of the temperature shift, the number of
wild-type cells with two dots was <3% and it increased
only very slowly with time; 90% or more of wild-type
cells still had only a single GFP dot 180 min after shift to
37°C. In sccl-73 mutants, in contrast, the number of
cells with separated CenV sequences increased rapidly,
from 6% at the shift to 50% 2 hr later. Remarkably, the
pattern in ecol-1 cells resembled that of wild-type cells,
but not that of scc1-73 mutants. Although 11% of the
cells had two CenV-GFP dots at the time of the shift (the
ecol-1 allele is still partly defective at 22.5°C), this num-
ber increased with time at the same low rate as in wild-
type. We conclude that Scclp but not Ecolp is required
to maintain during M-phase sister cohesion that was es-
tablished during S phase. Our results suggest that Ecolp
activity might be required exclusively during S phase.
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Discussion

By screening for temperature-sensitive yeast mutants
that lose chromosomes at a high frequency and separate
sister centromeres in the absence of APC activity, we
have identified six chromosomal proteins (Michaelis et
al. 1997; this study), which are essential for preventing
premature sister chromatid separation and for ensuring
that sisters segregate to opposite spindle poles during
mitosis. Homologs of all six of these cohesion proteins
exist in a variety of eukaryotes including humans. Four
of them, Scclp (Mecdlp), Sce3p, Smclp, and Sme3p are
subunits of a Cohesin complex that binds to yeast chro-
mosomes in late G, and disappears from them at the
metaphase — anaphase transition. The composition and
function of yeast Cohesin resembles that of a similar 14S
complex in Xenopus, which is known to contain pro-
teins homologous to Smclp, Smc3p, and Scclp (Losada
et al. 1998). The fifth protein, Scc2p, is related to Misdp
in fission yeast, to Rad9p from Coprinus, and to proteins
encoded by Drosophila and human cDNAs. A small but
significant fraction of Scc2p is found associated with
Scclp and Scc3p and is essential for both of these pro-
teins to associate with chromosomes.

The sixth protein, Ecolp (also called Ctf7p) (R.V.
Skibbens et al., pers. comm.), is neither a subunit of Co-
hesin in yeast nor is it required for Cohesin to associate
with chromosomes. Furthermore, whereas Cohesin and
its subunits are essential to maintain cohesion during G,
and M phase in yeast, Ecolp is only needed to establish
cohesion during S phase (Fig. 9A). Similar conclusions as
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Figure 8. Ecolp is essential during S phase but not during G, and M phases. (A,B) Small G, cells of ecol-1 (K7542) and scc1-73 (K6800)
strains expressing Pdsl-myc18p were inoculated into YEPD medium at 25°C and 37°C (¢ ). Aliquots from cultures grown at 25°C (H)
were shifted to 37°C at 120 min (scc1-73; A) and at 140 min (ecol-1; A). DNA contents and the percentages of viable cells were
determined in each of these cultures every 20 min. The presence of Pdslp and short bipolar spindles within nuclei were determined
by immunofluorescence at each time point from the cultures grown at 25°C. (C) Wild-type (K7101; ¢), ecol-1 (K7542; A), and scc1-73
(K6800; OJ) strains were released from a-factor arrest into nocodazole-containing medium at 22.5°C. Cultures were shifted to 37°C
when >85% of cells had budded (time point 0 min). We followed the separation of CenV-GFP dots for 180 min after the temperature
shift. Cells were arrested with 2C DNA content during the entire experiment.

to Ecol /Ctf7’s unique function in establishing cohesion
have been drawn independently by R.V. Skibbens et al.
(pers. comm.).

A Cohesin complex

Previous work showing that Scclp (Mcdlp), Smclp, and
Smc3p are required for sister chromatid cohesion and
that Scclp’s association with chromosomes depends on
Smclp suggested that these cohesin proteins might bind
chromosomes as a multisubunit complex (Michaelis et
al. 1997). The demonstration that a small but unquanti-
fied fraction of Scclp bound to Smclp when overpro-
duced was consistent with this scenario (Guacci et al.
1997). We have now identified a fourth cohesin protein,
called Scc3p, and showed that it forms a stable complex,
at least when not bound to chromosomes, with Smclp,
Smec3p, and Scclp. Immunoprecipitates of Scclp contain
Smclp, Sme3p, and Sce3p in roughly equal amounts, ac-
cording to silver staining. Surprisingly, all three proteins
appear to be more abundant than Scclp itself. This is

probably because Scclp stains poorly with silver, as
Western blot analysis of Scc3-mycl8p immunoprecipi-
tates showed that roughly equal amounts of Scclp,
Smclp, and Sme3p are associated with Scc3p.

The colocalization of Scclp with Sce3p and Smc3p in
chromosome spreads and the interdependence of their
association with chromosomes suggests that Scclp,
Scc3p, Smclp, and Smc3p also bind chromosomes as a
multisubunit complex. It is an open question whether
there exist other stoichiometric subunits of yeast Cohe-
sin.

Does Cohesin connect sister chromatids?

Although there is no direct evidence that Cohesin actu-
ally constitutes the links that hold sisters together dur-
ing G,, it is nevertheless worth considering how it might
do so. Two subunits of yeast Cohesin, Smclp and
Smc3p, belong to the conserved Smc protein family,
members of which contain a hinge region that separates
two very long stretches of a-helix at the ends of which
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Figure 9. Models for the function of different cohesion pro-
teins. (A) A Cohesin complex composed of Scelp, Scedp, Smelp,
and Smc3p is loaded onto chromosomes at the end of G;. As-
sociation of Cohesin with chromosomes depends on Scc2p.
During S phase, Ecolp, acting at replication forks, catalyzes the
formation of links between sister chromatids. These links are
portrayed as being composed of Cohesin. It is possible, however,
that the links merely need Cohesin for their formation. (B) Two
models for how Smec1/3 heterodimers might join sister chroma-
tids.

there are globular amino- and carboxy-terminal domains
(Koshland and Strunnikov 1996). A recent electron mi-
croscopic analysis of MukBp from E. coli and Smcp from
Bacillus subtilis suggests that they form homodimers
whose hinge region connects two antiparallel coiled
coils, at both ends of which amino- and carboxy-terminal
domains are brought together into a composite globular
domain with a potential ATPase and DNA-binding ac-
tivity (Melby et al. 1998).

The finding that both yeast and Xenopus Cohesin con-
tains equimolar amounts of Smclp and Smec3p suggests
that these two proteins might form heterodimers in
which a-helical sections of Smclp coil in an antiparallel
fashion around those of Smc3p. If the structure of such a
heterodimer were similar to bacterial Smcs, then the
globular domain at one end of the heterodimeric V would
contain Smclp’s amino-terminal domain next to
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Smc3p’s carboxy-terminal domain, whereas the other
end would contain Smc3p’s amino-terminal domain
next to Smclp’s carboxy-terminal domain (Fig. 9B). The
globular domains of a single Smcl/3 heterodimer in
principle could bind sister DNA molecules and thereby
form bridges between them. Such bridges might alterna-
tively be produced through the association (possibly me-
diated by Scclp or Scc3p) of two different Smcl/3 het-
erodimers, each of which is bound in a bivalent manner
to a single chromatid (Fig. 9B).

Ecolp, a protein needed for establishing cohesion

Cohesin’s binding to chromosomes is necessary but not
sufficient for sister chromatid cohesion. Under at least
two circumstances, for example, when Ecolp is inactive
or Scclp is only synthesized after S phase (Uhlmann and
Nasmyth 1998), Cohesin still binds to chromosomes in
normal amounts without producing cohesion. This sug-
gests that functional sister-sister connections (possibly
involving Cohesin) are only produced during DNA rep-
lication and that Ecolp might be involved in their pro-
duction. Ecolp is much less abundant than Cohesin sub-
units. Furthermore, it neither associates with soluble
Cohesin nor is it required for Cohesin’s association with
chromosomes. Ecol-1 mutant cells divide without loss
of viability when shifted to 37°C during G, and maintain
cohesion between sister CenV sequences when cells that
had been arrested in nocodazole at 22.5°C are shifted to
37°C. Both properties imply that Ecolp is needed to es-
tablish cohesion during S phase but is not necessary to
maintain cohesion during G, and M phases. Therefore,
we propose that the proximity of sister chromatids im-
mediately after the passage of replication fork is not suf-
ficient for establishing stable links between them but
this is instead an active process catalyzed by Ecolp (Fig.
9A). Establishment of sister chromatid cohesion is quite
distinct from the loading of Cohesin onto chromosomes,
which can occur during most but not all phases of the
cell cycle and does not need Ecolp.

We cannot strictly exclude the possibility that the
maintenance of sister cohesion in ecol-1 mutants during
G, or M phase is attributable to the mutant gene product
becoming thermoresistant during DNA replication.
However, several arguments can be raised against this
interpretation. The cohesion defect of ecol-1 mutants is
more severe than that of any other cohesin mutant that
we have characterized and yet sister chromatids remain
tightly associated for up to 3 hr when nocodazole-ar-
rested cells are shifted to 37°C. Crucially, other ecol
alleles (ctf7-203) seem to behave in a similar manner,
implying that the behavior of ecol-1 is not allele specific
(R.V. Skibbens et al. pers. comm.). Finally, as Ecolp is
present throughout the cell cycle, it is unlikely that ther-
molabile ecol alleles are simply temperature-sensitive
for synthesis.

The S. pombe homolog of Ecolp is a much larger pro-
tein whose amino-terminal half is homologous to
Rad30p from S. cerevisiae and to dinBp and umuCp from
E. coli, which function in postreplicative DNA repair



(McDonald et al. 1997). This suggests that Ecolp might
associate with Rad30p in vivo and, therefore, that it
could have a role in DNA repair as well as sister chro-
matid cohesion.

Regulation of Cohesin binding to chromosomes

Cohesin’s association with chromosomes is presumably
necessary for sister chromatid cohesion, whereas the dis-
appearance from chromosomes of at least two of its sub-
units (Scclp and Scc3p) at the metaphase to anaphase
transition suggests that Cohesin’s removal is necessary
for loss of cohesion. Regulation of Cohesin’s association
with chromosomes is, therefore, a vital aspect of the eu-
karyotic cell cycle.

Our observation that neither Scclp nor Scedp is stably
bound to chromosomes in scc2 mutants suggests that
Scc2p is required for the stable association of Cohesin
with chromosomes (Fig. 9A). The lack of Cohesin on
chromosomes in scc2 mutants could explain their defec-
tive sister chromatid cohesion. Scc2p’s homolog in S.
pombe, a protein called Misdp, is also required for sister
chromatid cohesion and it has been suggested that Mis4p
might act independently of Cohesin (Furuya et al. 1998).
Our observations suggests otherwise. A key question is
whether Sce2p is required for the formation of Cohesin
complexes or only for their association with chromo-
somes. The finding that Scclp is much less abundant in
smcl or smc3 mutants than wild-type or even scc2 mu-
tants and the implication that it may not be stable unless
complexed with Smc proteins suggests that the soluble
Scclp protein found in scc2 mutants is complexed with
Smclp and Sme3p. In which case, scc2 mutants may be
primarily defective in Cohesin binding to chromosomes.
We detected a weak association between Scc2p and
soluble Cohesin complexes. A transient interaction be-
tween Cohesin and Scc2p would be consistent with
Scc2p having a role in loading Cohesin on chromatin.
Alternatively chromatin-bound Scc2p might be required
for the formation of structures that are recognized and
bound by Cohesin.

At least two subunits of Cohesin, Scclp and Scc3p,
disappear suddenly from yeast chromosomes at the onset
of anaphase in a process that depends on liberation of
Esplp from its inhibitor Pdslp (Ciosk et al. 1998). This
suggests that Esplp induces a change in yeast Cohesin,
which by destroying cohesion between sisters, would al-
low the segregation of sister kinetochores to opposite
spindle poles. It is conceivable that Scc2p is involved in
regulating the amount of Cohesin associated with chro-
mosomes not only during G, but also during mitosis. A
reduction in Scc2p’s activity might contribute to Cohe-
sin dissociation from chromatin at the onset of ana-
phase.

Other roles for cohesins!?

Cohesins may well have important roles in processes
other than sister cohesion. The bovine orthologs of
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Smclp and Smc3p are components of a mammalian re-
combination complex RC-1 (Jessberger et al. 1996). Fur-
thermore, Scclp’s homolog in S. pombe, a protein called
Rad21p, is necessary for double strand break repair
(Birkenbihl and Subramani 1995), whereas Scc2p’s ho-
mologs in Coprinus (Rad9p) and in fission yeast (Mis4p)
are involved in DNA repair and meiosis (Zolan et al.
1992; Furuya et al. 1998). Cohesins holding sister chro-
matids together maintain proximity between homolo-
gous sequences that might be a prerequisite for recom-
bination and recombination-mediated DNA repair. Al-
ternatively, cohesin proteins might be required for
recombination and DNA repair independently from their
role in sister chromatid cohesion.

Three different classes of cohesion proteins

In summary, the six cohesion proteins that we have
identified by genetic analysis fall into three groups.
Scclp, Scedp, Smclp, and Smc3p are subunits of a Co-
hesin complex that possibly resides at the sites that link
sister chromatids together during G,. Scc2p is necessary
for Cohesin’s association with chromosomes, whereas
Ecolp mediates the formation of links between sisters
during replication. These three types of cohesion pro-
teins appear to be conserved between yeast and humans.
Whether and how Cohesin mediates the connections be-
tween sisters remains to be investigated.

Materials and methods

Yeast strains and growth conditions

Cells were grown in YEP (Rose et al. 1990) media supplemented
with either 2% raffinose (YEPRaf) or 2% glucose. Canavanine
plates contained 0.0066% canavanine and all amino acids ex-
cept arginine. Elutriation was performed as described previously
(Schwob and Nasmyth 1993). Small G, cells were inoculated
into YEPD medium at 25°C or 37°C. Cells were arrested with
a-factor or with nocodazole as previously described (Irniger et
al. 1995).

All strains were derivatives of W303. The centromeric region
of chromosome V was visualized by GFP (Michaelis et al. 1997).
SCC1, SCC2, SCC3, SMC1, SMC2, SMC3, ECO1, and PDS1
genes were tagged at their carboxyl terminus with multiple Myc
or HA epitopes by homologous recombination at their original
chromosomal loci, using a PCR-based method (W. Zachariae
and K. Nasmyth, unpubl.). Cells were transformed with a cas-
sette containing multiple copies of myc or HA sequences and a
marker gene. The cassette was amplified by PCR with target
gene-specific primers. The tagged strains all proliferated nor-
mally at 37°C, demonstrating that the epitope-tagged proteins
were functional.

To obtain a strain in which APC can be inactivated condi-
tionally, the CDC26 gene was disrupted by a PCR targeting
method as described before (Wach et al. 1994). To integrate a
functional CDC26 gene to the Iys2 locus, a YDp-K (Berben et al.
1991) based integrative vector was constructed that contained
the functional CDC26 gene at the Pstl site and the CAN1 gene
at the Smal site. The plasmid was cut at the Xhol site in the
LYS2 gene and was transformed into Acdc26 cells. After inte-
gration, CDC26 and CAN1 genes were flanked by direct repeats
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of homologous sequences that allowed us to loop out the
CDC26 and CANT genes upon selection against the CANT1 gene.
The above strain proliferated normally at 37°C showing that the
CDC26 gene integrated to the Iys2 locus is functional.

Genetics

A W303 strain with CenV-GFP, with a supernumerary chromo-
some carrying SUP11 and with the indolgenous CDC26 gene
disrupted and functional CDC26 and CAN1 genes integrated to
the Iys2 locus (K7074), was mutagenized with ethyl methane-
sulfonate to 30%-50% survival. Approximately 9 x 10° colonies
were plated as previously described (Spencer et al. 1990). Cells
were grown at 23°C for 7-10 days. Red-white sectoring colonies
(1675) were screened for temperature-sensitive growth. The
temperature-sensitive mutants (360) were streaked on canavan-
ine-containing plates to delete CDC26 from the genome. Ver-
sions of mutants lacking CDC26 were released from stationary
phase (2-day-old patches on YEPD plates) into YEPD medium at
37°C and the ratio of cells with separated sister chromatids
(cenV-GFP) was determined.

Complementation analysis and cloning of mutants that sepa-
rated sisters in the presence of Pds1p showed that we had iso-
lated mutations in six different genes: SCC1, SCC2, SMCS3,
PDS1, SCC3 (IRR1), and ECO1. SCC3 (IRR1) and ECO1 genes
were identified by complementing the temperature-sensitive
growth defect of the corresponding mutants. A YCplac vector-
based genomic library was transformed into scc3-1 and ecol-1
mutants and transformants were selected at 37°C. ECO1 was
replaced by S. pombe his5* in the wild-type diploid K842 strain
as described previously (Shirayama et al. 1998). The heterozy-
gous Aecol diploid strain was sporulated and tetrad analysis
showed that none of the Aecol spores were viable. On the basis
of tetrad analysis of spores derived from diploids containing the
sce3-1 allele and a functional HA-tagged allele of SCC3 gene or
ecol-1 allele and a functional HA-tagged allele of ECO1, we
concluded that the temperature-sensitive alleles are linked to
the corresponding tagged ORFs.

Immunoprecipitations

For silver staining (Fig. 5A), the Cohesin complex was purified
by one-step immunoprecipitation from an unfractionated whole
cell extract prepared from Apep4 cells (0.5 x 10'°) using the pro-
cedure of Zachariae et al. (1998). For immunoprecipitation-im-
munoblotting experiments (Fig. 5B,C), cells (1.5 x 10°) were bro-
ken in 0.4 ml of buffer B70. Extracts (0.33 ml, 6 mg) were incu-
bated with 0.1 ml of protein A-Sepharose and then with 0.033
ml of protein A-Sepharose carrying the anti-myc antibody 9E10.
Preparation of extracts and immunoprecipitations were carried
out essentially as described previously (Zachariae et al. 1998). In
each case, half of the final immunoprecipitate was loaded per
lane. In immunoprecipitation-immunoblotting experiments,
100 mg of protein from whole-cell extract was loaded per lane.
Extracts and immunoprecipitates were separated on 1-mm
thick, 7.5% SDS-polyacrylamide gels and analyzed by immu-
noblotting.

Cohesion protein chromatin-binding assay

Wild-type (K7570), scc1-73 (K7734), scc2-4 (K7689, K7586),
scc3-1 (K7548), smc1-259 (K7686, K7589), smc3-42 (K7687,
K7583), and ecol-1 (K7586, K7669) strains containing SCC1 or
SCC3 genes tagged with HA epitopes, were released from a-fac-
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tor arrest into YEPD medium containing 15 pg/ml nocodazole
and 1% DMSO at nonpermissive temperature (35.5°C). After
2.5 hr all cells had undergone S phase and were arrested in an M
phase-like state. Cells were harvested by centrifugation and a
crude Triton X-100 insoluble chromatin preparation was ob-
tained as described (Liang and Stillman 1997) Aliquots of the
Triton X-100-soluble supernatant and of the chromatin pellet
reflecting the same cell equivalent were loaded for 8% SDS-
PAGE. Western blotting was performed with the monoclonal
antibody 16B12 (Boehringer) against the HA epitope to detect
Sccl-HAG6p or Scc3-HA3p in the chromatin fractions.

Viability assay

The viability of cells was measured by diluting aliquots of
ecol-1 and scc1-73 cultures at the indicated time points and
plating constant volume of dilutions on YEPD plates at 23°C.
Number of colonies was counted after 3 days.

Other techniques

Flow cytometric DNA quantification was performed as de-
scribed (Epstein and Cross 1992). Chromosome spreading was
performed as described previously (Michaelis et al. 1997). Pro-
tein extracts, Western blot analysis, in situ immunofluores-
cence, antibody dilutions were performed as described previ-
ously (Piatti et al. 1996). On chromosome spreads HA-tagged
proteins were detected using 3F10 antibody (Boehringer) and
with a rhodamine-conjugated secondary antibody. Colocaliza-
tion of the Myc- and HA-tagged proteins was assessed using two
sets of antibodies: anti-Myc mouse mAb 9E10 with anti-mouse
cy3-conjugated goat antibody (Amersham), and anti-HA rat
mADb 3F10 with anti-rat cy2-conjugated goat antibody (Amer-
sham). The timing of sister chromatid separation relative to
DNA replication and budding was calculated as described (Mi-
chaelis et al. 1997).
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